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Abstract  
Quantum confinement in a semimetal thin film such as bismuth (Bi) can lead to a semimetal-to-semiconductor transition which 
allows for the use of semimetals as semiconductors when patterned at nanoscale lengths. Bi native oxide on Bi thin film grown 
by molecular beam epitaxy (MBE) is investigated using X-ray photoelectron spectroscopy (XPS) to measure the elemental 
composition of the oxide. Also, an in-situ argon plasma etch step is developed allowing for the direct coating of the surface of 
thin Bi films by a metal contact to form a Schottky junction. Model structures of rhombohedral [111] and [110] bismuth thin 
films are found from density functional theory (DFT) calculations. The electronic structure of the model thin films is investigated 
using a GW correction and the formation of an energy band gap due to quantum confinement is found. Electrical characterization 
of the fabricated Bi-metal Schottky diode confirms a band gap opening in Bi thin film for a film thickness of approximately 5 nm 
consistent with the theoretical calculations. 
  
Highlights 
Growth and characterization of high quality crystalline Bi  
Study of elemental composition of the Bi native oxide using XPS 
Employing quantum confinement induced band gap in Bi film to make Schottky diode 
 
Keywords: Bismuth; Native Oxide; Quantum Confinement; Schottky 
Junction; Semimetal; XPS 
 
1. Introduction 
Nanoscale field-effect-transistors (FETs) enable the 
continuation of Moore’s law for future technology 
generations, permit high device density at lower power per 
device, and consequently high function per integrated circuit 
at lower unit cost. However, for channels in the sub-7nm 
regime, the discrete nature of dopant atoms poses challenges 
for the formation of junctions on the nanoscale. Achieving 
typical impurity concentrations for nanoscale devices means 
relying on the addition of very few dopant atoms [1].Coupled 
with non-uniformities in the impurity concentration [2,3] 
leads to severe variability in the performances of transistors 
with geometries at critical dimensions below 7 nm [4,5]. For 
critical dimensions of a few nanometers, quantum 
confinement has a pronounced effects on electronic band 
structures. Bulk bismuth displays unique electrical properties 
such as extremely high electron mobility. The atomic bonding 
in Bi creates diverse structures and surfaces, such that it can 
be viewed as intermediate to 2D and 3D materials. Low 
dimensional Bi has been investigated for thermoelectric 
properties [6]. Quantum confinement in a low-dimensional 
semimetal such as bismuth leads to a semimetal-to-
semiconductor transition as the physical size of a 
nanostructure becomes comparable to the Fermi wavelengths 
of electrons and/or holes [7]. This property can be used to 
enable the formation of a semiconducting channel between 
semi-metallic source and drain regions in a confinement 
modulated gap transistor (CMGT) architecture [8] eliminating 
the requirement for introducing dopant atoms into 
nanostructures. Formation of a hetero-dimensional rectifier in 
a single bismuth nanolayer consisting of a thicker three 
dimensional (3D) semimetallic region abutting a thinner two 
dimensional (2D) region that is semiconducting junction due 
to quantum confinement has recently been reported [9]. In that 
work, a procedure for removing the native oxide using an Ar 
plasma etch to strip the interfacial oxide layer allowing for the 
formation of a metal/Bi interface. This junction forms a 
Schottky barrier if the quantum confinement effect is large 
enough to open a band gap in the thinner semimetallic film.  
Achieving a band gap several times larger than the thermal 
energy (kBT) at room temperature needed for practical 
nanoelectronics applications, requires confinement 
dimensions of <10nm in Bi [10]. The band gap increase due 
to quantum confinement in semimetals at a few nanometer 
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length scales can be engineered to be comparable to 
conventional semiconductors sued for electronics applications 
[8,10,11]. 
 
2. Bi film growth and characterisation  
Bi films used in this study were grown by molecular beam 
epitaxy (MBE) on undoped Si [111] wafers. Prior to the 
deposition, the Si substrates were chemically cleaned by the 
HF-last RCA procedure to remove the native oxide and to 
passivate the surface with hydrogen. The substrates were 
subsequently heated in-situ to 700 °C for 20 minutes to desorb 
the hydrogen atoms from the Si surface. The Bi material flux 
was generated by an effusion cell operated at a temperature of 
550 °C, which yields a growth rate of 17 nm/hour. Thickness 
and crystallographic orientation are the key parameters 
determining the resulting electronic structure of the thin films. 
A high-resolution cross-sectional transmission electron 
microscopy (HR-XTEM) image of the 4.5 to 5 nm film is 
shown in Fig. 1 and is consistent with the high quality single 
crystal nature of bismuth thin films. Presence of Bi native 
oxide on the Bi thin film grown by MBE is also seen within 
the TEM image. Hall measurement of the Bi thin films 
indicates high mobility for this ultra-thin film which suggests 
that the native oxide does not result in a considerable surface 
scattering [9].  
 
 
 
Figure 1: HR-TEM image of the MBE-grown Bi thin film showing 
the native Bi oxide.  
 
To investigate the native bismuth oxide, X-ray photoelectron 
spectroscopy (XPS) was performed to verify the elemental 
composition of the surface. XPS data from sputtering studies 
was collected using a Kratos AXIS-ULTRA instrument with a 
monochromatic Al-Kα X-ray source at 150 W power and the 
spectra were obtained using a pass energy of 160 eV for 
survey spectra, and with 20 eV for narrow core level regions 
with a surface take-off angle of 45. Depth profiling was 
carried out using a gas cluster ion source of Ar500+ (5 keV, 3 
mm2 raster size) and the spectra were acquired at different 
sputter times as indicated in the Fig.2.  
 
 
Figure 2: X-ray photoelectron spectroscopy (XPS) of Bi film after 
various intervals of Ar etch. 
The cluster allowed for gentle sputtering of the film without 
damaging the underlying Bi substrate. As shown in Fig. 2, it 
was possible to completely remove the oxide from the surface 
and obtain an XPS spectrum for the bare Bi sample. Fig. 2 
displays the Bi 4f core level spectrum collected after 
subsequent sputtering times. As the sputtering time increases, 
the Bi 4f components at 156.7 eV (Bi 4f 7/2) [12] and at 162.0 
eV (Bi 4f 5/2) [13] increase in intensity until, after 1320 s, the 
Bi2O3 peaks at 158.6 eV [14] and at 163.9 eV [15] disappear 
and only elemental Bi remains present on the surface. 
 
3. Theory and simulations  
Bi is a pentavalent post transition metal in group V and has a 
rhombohedral crystal structure. Normal to the rhombohedral 
[111] orientation, i.e. along the C3 symmetry axis, the 
structure can be considered as a stacked bilayers with three 
nearest neighbor bonds for each atom within a single bilayer. 
Each bilayer has a puckered structure with each ‘up’ atom 
forming three weaker bonds to atoms in the next upper bilayer 
and the three ‘down’ atoms in the bilayer forming three 
weaker bonds to the next lower bilayer. The stronger 
intralayer bonding and weaker interlayer bonding results in a 
2D stacked structure.  
The weak bonding between bilayers leads to a strong 
sensitivity for the electronic structure in a thin bismuth film 
due to the surface terminating chemistry. It is known that 
upon exposure to air that a surface oxide forms.  Within 
density functional theory (DFT) calculations, introduction of a 
single hydroxyl (-OH) group to a (111) surface bilayer results 
in significant reconstruction as resulting surface bonding is 
stronger than bonds between Bi bilayers. In contrast, for a 
(110) Bi surface, an even number for each layer provides 
stable configuration [16]. 
  
 
BiOx (~1.5-2 nm) 
 Bi (4.5-5 nm) 
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                              (a)                                      (b) 
Figure 3: Atomic illustration of Bi thin film along (a) [111] and (b) 
[110] crystallographic orientation after geometry optimization. 
 
DFT is standard method to study the atomic and electronic 
structure of materials. However, DFT methods are well known 
to suffer deficiencies with respect to predicting band gaps 
primarily due to commonly used approximations for the 
electronic exchange and correlation energies. These 
approximations typically result in a large and systematic 
underestimation of band gaps in semiconductors. The 
semimetallic behavior of bulk Bi using DFT predicts a much 
larger band overlap of ~160 meV [17,18] when compared to 
the experimental value of approximately 40 meV [19]. To 
provide an improved description of the confinement effect in 
bismuth thin films, particularly with respect to determining 
band gap energies, the GW (G: Green’s function, W: screened 
Coulomb interaction) method in conjunction with a first order 
many body perturbation theory (MBPT) correction is used 
[20] based on the Kohn-Sham DFT solutions [21]. The local-
density approximation (LDA) for the exchange-correlation 
potential and norm-conserving pseudopotentials are used with 
an energy cutoff of 60 Rydberg for the plane-waves used as in 
the expansion of the Kohn-Sham solutions. Optimisation of 
the Bi film structures used in for the GW calculations is 
achieved by minimisation of the total DFT energy with 
respect to the atomic positions until the maximum force 
component becomes less than 0.01 eV/Å. Periodic boundary 
conditions are applied creating simulation supercells and the 
cell dimensions transverse to the slab surfaces are chosen to 
be greater than 2 nm to suppress the interaction between 
periodic images. The DFT and GW calculations are performed 
with non-relativistic pseudo-potentials and without the 
inclusion of spin-orbit interactions which are known to be 
considerable in bismuth [22].  The effect of spin orbit 
coupling and more detailed studies of the influence of surface 
termination on the (111) surface will be included in future 
investigation of the Bi electronic structure calculations. The 
surface chemistry in bismuth thin films and nanowires (NWs) 
plays a crucial role on electronic structure due to weak 
orientation dependence of the semimetallic bonding and due 
the weak interlayer bonding. To correlate the electronic 
structure calculations with the experimental results reported in 
this work, explicit metal/bismuth interface models are 
required. The weak bonding between bismuth bilayers and a 
weaker orientational dependence in general for semimetallic 
bonding relative to conventional semiconductors introduce 
subtleties to the surface models that are the subject of ongoing 
exploration. 
 
 
 
Figure 4: Band gap versus film thickness from GW calculations for 
Bi (111) and (110) slabs. The dashed curves show a power law fit 
α/Lβ where L is the film thickness and α, β are fitting parameters.  
The blue sphere is extracted from thin film electrical characterization 
data. Red spheres are experimental estimates based on extraction 
from the current-voltage (IV) characteristics at different temperatures 
for thick/thin bismuth junctions [9]. 
 
Our initial results on the thin bismuth layers is presented in 
Fig. 4 which indicates the magnitude of the quantum 
confinement effect as a function of film thickness. The 
calculations suggest that for a few bilayers, relatively large 
band gaps are achievable – however, the effects of spin orbit 
and surface chemistry need to be further explored to make 
quantitative estimates of the band gap.  
 
4. Metal-semiconductor Schottky junction 
To form a metal-semimetal junction, the Bi native oxide needs 
first be removed. To do so, and to prevent exposure of the Bi 
films to oxygen following oxide etch, an Ar plasma etch step 
was developed to allow coating the etched surface in-situ with 
a titanium contact without the need to break vacuum. Fig. 5(a) 
shows HR-TEM images of the metal/Bi film interface with 
and without the Ar plasma surface treatment. Clear to see in 
Fig. 5(a) is that the plasma surface treatment successfully 
removes the native Bi oxide without destroying the Bi thin 
film. Circular transfer length method (cTLM) structures are 
patterned using the Ar surface treatment. Electrical 
characteristics of the cTLM structure at temperatures of -40 oC 
and 40 oC are presented in Fig.  5(c), indicating Ohmic 
behavior at the higher temperature and Schottky behaviour at 
lower temperature. This is the experimental evidence of 
semiconducting characteristic of ultra-thin Bi films due to 
quantum confinement at temperatures close to room 
temperature as opposed to cryogenic temperatures [23].  
The electrical characteristic of the Bi Schottky diodes made 
using Ar plasma surface treatment are shown in Fig. 5(d) over 
narrower voltage and current ranges than in Fig 5(c). The 
activation energy derived from the temperature dependent IV 
characteristics is 80-90 meV (i.e., band gap of 160-180 meV 
assuming a mid-gap alignment of the Fermi level in the 
quantum confinement induced band gap in the Bi film) which 
is of the same order of magnitude as the theoretical GW 
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prediction; see the experimental values marked with a blue 
sphere in Fig. 4. Due to thermionic emission over rather small 
band offset, i.e., 80-90 meV, at the metal/Bi junction, at room 
temperature carriers gain sufficient thermal energy to flow 
over the barrier; hence linear characteristic. While at low 
temperatures such as -40C thermionic emission is suppressed 
and therefore the rectification due to band offset is more 
pronounced. As expected due to thermionic emission over an 
energy barrier, the reverse current increases and the turn-on 
voltage decreases with increasing temperature. The diode 
current shows saturation effect at about 0.75 V at -40C as a 
result of reduction in carrier concentration [9] and hence 
increase in series resistance at lower temperatures. Electrical 
characteristic for the titanium-bismuth contacts made on 
thicker Bi film (28 nm) is shown in Fig. 5(e) fabricated with 
and without surface treatment. As can be seen, the metal/Bi 
junction shows Ohmic behavior with improvement in contact 
resistance after removing the Bi surface reflecting that the 
current is not required to tunnel across a native Bi oxide 
following the surface treatment by the Ar plasma.  
For nanostructured Bi to be useful in nanoelectronics 
applications, a band gap energy comparable to conventional 
bulk semiconductors is desirable. To achieve a larger 
confinement effect than what we report for Bi films, 
confinement in a second spatial dimension becomes necessary 
and hence leads to the use of NWs. Quantum confinement 
effects can be observed in NWs at larger critical dimensions as 
compared with thin films due to charge carriers being confined 
in two-dimensions [23]. However due to the larger surface-to-
volume ratio for a nanowire, there are also stronger surface 
effects. For Bi, there is a strong electronic anisotropy and 
hence a nanowire’s crystallographic orientation plays a strong 
role in electronic behavior.   
 
 
 
 
(a)                                      (b) 
 
 
(c) 
 
 
(d) 
 
 
(e) 
 
Figure 5: HR-TEM images of metal/Bi interface (a) without, and 
(b) with oxide etch prior to metallization. Dashed lines in (a) show 
the Bi native oxide. IV characteristics of the ultra-thin film at low 
and high temperatures is shown in (c). Threshold voltage and reverse 
bias current variation with temperature is presented in (d). Impact of 
Bi oxide etch on the IV characteristics of the 28 nm Bi film at low 
temperature in (e) shows Ohmic behavior, confirming metallic 
feature. 
 
Here we have laid the initial steps for processing of Bi (111) 
surfaces. Suppression of the XPS peaks associated with the 
bismuth native oxide by Ar sputtering demonstrates the ability 
to strip the native oxide while leaving a Bi layer that displays 
semiconducting behavior due to quantum confinement. 
Without breaking vacuum, titanium contact structures are 
patterned and electrical measurements at varying temperature 
reveal that a Schottky barrier is formed at the clean titanium-
bismuth interface. The Schottky barrier height is consistent 
with preliminary estimates of the quantum confinement effect 
obtained by GW electronic structure calculations. Stronger 
confinement effects can be achieved by patterning bismuth 
NWs leading to band gaps relevant to room temperature 
nanoelectronics at larger critical dimensions than we consider. 
We further note that current commercial nanoelectronics 
technologies are achieving critical dimensions comparable to 
the Bi film thickness used to fabricate the metal-semimetal 
Schottky diodes presented in this work.  
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